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COMPABlSOn OF UTEERCOOLER CSARAXTITMIHriCS 
Bi7 tT. GeocrgB Beutor ajod. Mlobael F. Yalartoo 



A method is preeeixtad of ecanparlnc the perfoznaaoe, might , 
azid gexwiral dimensional chai^oterlstios of Intercoolers. Xhe 
perfomance emd d1?neiiBloaeal ^haracteristioe covered in the com^ 
parlBonB are cooling effeotl-veneos, presBure dzxipe and veight 
flovB of the charge and ooollsg air, power losseB, voltane, 
fronted, area, and vldth. 

A method of presenting Intercooler data is desorlhed In 
idilcli two types of charte are plo-:ted! (l) A perfomanoe chart 
Betting forth all the icrpartemt c' aracterlBtlcs of a given Inter- 
cooler and (2) a replot of these cl^-aracterlctlos for a nuriber of 
intercoolers Intended to acelst in naklrg a selection to satisfT' 
a given set of Installation conditions. The characteristics of 
coiamercial Intercoolers obtained from naniif acturers * data and of 
BCDBe computed designs are presented on this hasls, 

A standard test procedure emd instirumentation are suggested 
yibBTebj ocmparahle data may he obtained hy different testing 
orgemisat ions . 



UiTHGiDUCTIGlIf 

The teooperature drop In the cheurge provided Toy any given 
Intercooler depends on tho temperatures, the densities, and the 
pressure drops of the charge ar..1 cooling air. Because of tho 
large number of possihle comhlxatians of Intercooler sizes and 
operating conditions, a concise mstliod. of presenting Intercooler 
data is requiiTed. A method of presenting intercooler data is sug- 
gested in this report In ij3il6h hy tho use of the propor factors 

^Originally issued as an ^.dvanco Confidenblal Beporb, May 1941 « 
Classification changed from "Confidential" to "Reatricted," 
June 1942. 
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the saEie perfoonnaace charts apply regBrdless of operating condi- 
tions or Intercooler Tri-dth (that is, the cllmenslon at right an- 
gles to the directions of charge end coollng-alr flows), provided 
the other ln.tercooler dlmenslor-s are held constant. Intercooler 
manufacturers usually select fci- production a few of an unliaalted 
niaiiber of coDtbinatlons of Interoooler clmensions and Internal ar- 
rancenients, leaving the Intercooler vrLdth to the choice of the 
oust amor. Thus, a fev cl'inrts trill present tl.e perfonaance of the 
entire stock of intercoolers listed h;,' any manufacturer. The 
perfonaance charts for all the ccmercial Intercoolers on i^lch 
data could be ohtair^ed are given in this report. 

The characteristice of ImportEUaCe in selecting an Intercooler 
to provide a given cooling effoctlvenees (drop in charge tempera- 
ture per degree difference "oetT-Tesn inlet tenperatures) for a given 
ergine and flight condition are: the pressure drop of the cliarge, 
the velght flow of the cooling air, the intercooler waight, the 
volume and core dlnenslonE, and the aasociatod power loasea, 
Cl'juiges in certain intorcoolor dlmenaicns may ioprove some of 
these characterleticB to tV^ doti-±jont of othors. All fac-^.ors 
nuat bo hold t.-ithln linits which vary with different Installa- 
tlonfi. Thus, intercoolers cenr.ot be cocparod on tlio basis of 
a ainfile characteristic but rather on the basis of curves sot- 
ting forth the various characteristics. BAsod on the performance 
charts previously mentioned, charts are presented on which the 
Important dlmonaions and porformanco cl.ar&cterlstics of the vari- 
OV3 cconercial intercoolers are ccapared. These comparison cliorts 
provide a nraariS of Quickly doterminin^ the intercooler havins the 
characteristics beet suited for a given installation. A conpari- 
son botweon t2ie cccsmerclol intercoolors and several theoretical 
intercoolers of the tubulsr t3'po ic also shown. 

In order to insure a fair cosrparlson of intercoolers of 
various mnufacturors, a atfxa&txrC tost procedure is suggested. 

SllffiOIS 

li rate of air flow, povjids per second 

I length in the direction of air flow, inches 

d tiibe diameter, inches 

B clearEmce botvoon tubes perpondiculax to flow across 
tube, inches 
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Bp tube pitch In dlreqtlon of flov across tube 'baxikB, inches 

m number of tiibe banks In direction of flov across tube 

W Inter cooler weight, pounds 

7 Intercooler volume, cubic inches 

Ai core face area at right angles to coollng-alr flov 
(frontal area), square Inches 

V Intercooler vldth (core dimension perpendicular to hoth 
charge and coollng-alr flotrs), Inches 

E heat- transfer rate, Bbu per second 

h heat- transfer coefficient per unit width based on the 

area of the Intercooler cectlon perpendicular to the 
Intercooler vldth, Bbu per second per square Inch 
per °F per Inch of Intercooler vldth 

Ap pressure drop of air across Intercooler, Inches of vater 

a density of air relative to stendard atmosphere 

pQ standard atjnospheric density (0,0765 lb per cu ft) 

P poorer, horsepower 

coollng-alr teiaporature at Intercooler entrance, °F 

teoperature rise of cooling air, °F 

ez 

Ta temperature difference betveen cbargo and cooling air at 
Intercooler entrances, 

Tg temperature difference betveen charge at exit and cooling 
«3C air at entrance, °F 

T - T 

T) cooling effectiveness, ^ 
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SiibBcrlprbs 1 and a refer to cooling air and charge, 
reapeotlTely, and BUbscrlpta en and av, to entrance and 
average condltlonB. 



A "specific" Intercooler Is defined as one In \Ailch the In- 
ternal structure and the flow passage lengths are fixed and. only 
the dimension v Is variable. An examination of equations (16), 
(17), and (18) (see appendix) ehava that the cooling efflclencj 
of a given "specific" Intercooler Is a function only of h, 
Mj^/Mg, and M^/v. But h Is a function of Mj^/M^ and M^w; 
therefore sTmbollcally 



MALYSIS 




(1) 



Furtheznore, 



^=K,(o Ap,) 



(2) 



and 



(3) 



av 



Tjhere K^, K^, n^. 
Therefore, 



and XL cure constants. 



Ti B f^(CTi tVj_, Og Apa) 



(4) 



Thus, for a given value of a. Ap 

*av 




C5) 



av 



or 



(6) 
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therefore the relatione of tj to dg Apa '^'^'^ to HjJISq, for a 

fipeoif lo Intercooler., .oan ea,oh he ezpresaecL "hj a single curve for 
a given value of Ap , 

av 

The cooling perfozmanoe of a specific Intercooler can' he 
conq^etaly descrlhed hy curves of t] plotted against oj, Api 

enSL a ■ Ap (equation (4)), M,/w against a Ap (eg.ua- 

av av 
tlon (2)), and against Apa (equation (3)). The 

■ av 

perforiDBnce data may he ohtalned hy testing a sljigle Intercooler,, 
and, idien plotted In this form, the data apply for all widths of 
this specific intercooler. The oiurves are also ceneral -with re- 
gELTd to charge and cooling air density and temperaturo. 

Other characteristics of the specific Intorcoolor n»y he 

graphical 1 y expressed In tezms of Og Apa and i) far a given 

av 

value of Ap, as follows; 

av 

The Intercooler volume per unit charge flow Is 

By equation (3) v/I<^, tho Intercooler width per unit charge 

flow, may he ezprassed In tozcis of Og Apa and. hy equation (5) 

av 

In terms of t). Likewise, the Intercooler velcht per uzilt charge 
flow 

- w ^ ^ 

Is a function of t]. This Is tnue aJ.so for the frontal area per 
unit charge flow: 

-i = 111 (9) 
Ma Ma 

The horsepower required to force the cooling air through the inter- 
cooler per unit charge flow Is given hy 

o- 3 P 5.2M, a, Ap 

J^yJ: t (10) 

M3 Mg 550 
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In ifhlch K^/Ma may "be express^ In tezns of i\ "bj mi^tvna of 
ecLtiatlon (6). If tZie oocllng air Is die charged frcDL the inter- 
cooler Into a compartment In which the air velooity is praotlcally 
zero, tho total-head loss is 

1 / M, f 1 ^ 
a Ap «= or Ap + — = J 1 \ 

and the associated pover loss is given hy 



l/'M.V/ 1 \ 
„ aP 5.2c, Ap +- — { =) 



(11) 



Ma Mg C50 

The total-head less Ap^ and the associated pover loss 

J? 

, If desired, can he computed and Included In the figures 

vhere these vaJ.ues occur. The pover loss plven hy eq.via-'jlon (11) 
does not strictly represent the airplane drag horsepower due to 
the Intercooler since no account le taken of the Meredith effect 
which depends on fllGht oondltlono. 

The horsepower req.'-J.rod to force the charge through the inters 
cooler per unit charge flow is given hy 

CT 3 P 5,2a Ap^ 

1^1-1 = !h (12) 

Ma SEO Pg 

wnfl 1b also a function of ti hy equation (5). 

The relative denflities (cr) in the foregoing equations are 
average densities. She average densities can he calculated from 
the entrance densities hy oeans of the following relatians; 

a, . a, (13) 

^ av ^en V 2 + 2P, / 



where = °^ 



V2 + 2P,^ 



Tq + 430 Tq + 460 
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s a. 



vhere 




EquatlonB (13) ooi (14) are ahom. graphloally In figure 1. 
The effect of presBure cbaiige through the Intercooler has "been 
neglected In these eg.!;ii&tlonB "because this effect Is usually small. 
Vhere large pressuro drops occur, the density may "be corrected for 
change In pressure "by neons of the relation that density -varies 
directly vlth absolute pressure. 



For the purpose of stanaardlzlng Intercooler testing, the 
fallowing test assem'bly and procedure are suggested; 

The equipment necessary for testing Intercoolers should con- 
sist essentially of a -variable- speed motor-driven blower, an air 
heater, t-wo air- flow meters, Danometers, and thermocouples -with 
auxiliary Instruments. Air- flow ms&,Burements nay be made by means 
of orifice plates placed In the air streams In accordance -with -the 
procedure outlined by the American Society of Mechanical Engineers 
(reference 1), The charge should be eupplied to the Intercooler 
at a temperature considerably higher (eay 200° F) than that of -the 
coollzig air In order to prcenote accuracy In the measurement of 
cooling effect IvenfiBS. The -width of the unit tested vlll be (jov- 
emed by -the capacity of the blower and -the heating capacity of 
the air heater. Static-pressure tubes should be Ins-tcLLled near 
exits and entrances of tlze intercooler block for the measuirement 
of pressure drop in the charge and cooling air across the Inter- 
cooler, The entrance and exit ducts should be of unifom cross 
section bet-ween the intercooler and the s-ta'bic-tube positions. 
The static tubes at the exits should be placed at a sufficiont 
distance downstream from the block in order to permit the flow 
to adjust itself to the dhauge in flow area. A distance of 6 or 
10 diameters (tubular type) or plate spaces (plate type) is prob- 
ably safe. The static pressure -taps should be located in posi- 
tions -where -they vUJ. not be CLffected by Telocity head and sliould 
have entrance sections free from surface Irregularities. Tubes 
for measuring totcLL heeid should bs planed at -the same distances 
from the Intercooler block as the s-tatic pressure taps. 



TISST ASSES'IELY AIID VSESBOD 
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Thexni^couploB p].aoed at varloiis posltloriB across each entrauoe 
and exit duct proTlde a nsanB of determining liilet and outlet tea- 
peraturee. There should 'be pro'bably one thermocouple for each 4 or 
5 .square Inches of flov section across vhlch the thermocouples are 
dlertrlhuted. !Iho air straam should be thermally Insulated from the 
surrounding atmosphere heb-f/een the thezroocouple positions and the 
test vjilt. The thericocoupleB across any section may he connected 
In series In the co3.d- Junction hoz; the total voltage of the group, 
'when divided by the number of thermocouples In the group should 
yield a satlsfactor;'' inean-tasperat-xre Indication. Baffles should 
be placed upstream frcci all the thenLOcouples In order to Insure 
uniform temperature distribution. Ckrer.ter accuracy will be as- 
sured if the thermocouples are provided vlth shields to eliminate 
radiation effects. 

A number of series of tests should be made; for a given series 
one veight flov should be held constant while the other Treight flov 
is varied. The values of ^X|./v and should be chosen to 

cover the useful range of the Intercooler. The necessary data to 
be used in determining the peirfonatmce of an intercooler are: 



1. 


Weight 


flov of cooling air per unit vidth 


2. 


Ifeight 


flov of charge per unit vidth 


3. 


Outlet 


and inlet cooling-air temperature 


4. 


Outlet 


and inlet charge to?iiperat\ire 


5. 


Outlet 


and inlet charge static pressure 


6. 


Outlet 


and inlet cooling-air static pressure 


7. 


Cutlet 


and inlet charge total head 


8. 


Outlet 


and inlet coollng-alr total head 



The following Infoxnation should be Included vlth the per- 
formance data; 

9. Core veight per unit core width 

10. Ccmplete intercooler weight per unit core vidth 



11. A slcetch showing all Internal emd external dimensions 
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DIBCUSSICW 
Types of Flow 



Figure 2 gives tbe coollxig effectiTensss of cross flov, 

oounterflov, and parallel flow as a function of tlie veight flov 
of cbarge and cooling air, the over-all heat-transfer coefficient, 
and the Interoooler surface. The curves cure a plot of equations 
(16), (17), and (18) of the appendix. In the cases of parallel 
flow and counterflov Z i is the dimension parallel to the direc- 
tion of air flow and Z a is the dlmansion at right angpLes to 1,^ 
in the plane across lAiioh heat is transferred. Figure 2 shovs 
that on the hasis of cooling effectiveness counterflov is slightly 
better than cross flov and greatly superior to parallel flov. 
Because of practical difficulties encountered in arranging effi- 
cient counterflov passages, no comrtiercial intercoolers of this 
type have yet appeas^ed. 

Figure 2 indicates that the cooling surface of an inter- 
cooler nay be of such magoltiide t!ia,t any additional surface 
voiild Increase only slightly the cooling effectiveness because 
of the flattening tendency of the curves. This point should be 
considered in design because of tho increase In pressure drop, 
freight, and volume vlth cooling surface. It nay be noted further 
that the flattening tendency is ZDore abrupt and occurs at lower 

wZj^lgh 

values of the abscissa — — — \rtien the velght-flov ratio M,/M- 

MiOp ^ 

is large. 



Ferfozmance Charts for "Specific" Intercoolers 

The method of plotting perfonnance data for specif Ic inter- 
coolers suggested in the analysis is followed in figures 3, 4, 5, 
and 6, in idiioh Ap,^ is plotted against APg for a 

av ev 
number of values of ti. The figures also Include a plot of 

CTj^ Ap^ against li^ and of o^ Apg against .M^/v. The 
av av 

external dlmonslons and the velght per unit width of tho inter- 
ooolor core arc given in each of the figures. As previously 
pointed out in the analysis, the data In each figure apply to an 
interoooler of aps' width v, provided all other dimensions remain 
at fixed valties. It is evident that the cuirves for each specific 
interoooler may be obtained by testing only one Interoooler unit 
of any convenient width. 
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Figure 3 gives tbe data en all the Hjarrlaon InteroooLera 
and figure 4 gives the data oa all the Alreaearch Interooolers 
on. iMch Infoimatlon oould he found. The Harrison Intercoolers 
are of copper construction, idiereas the Alreaearch Interooolers 
are of aluminum oonstructlou. The use of ftinmimim instead of 
copper In the oonstruotloa of the Barrlson InteroooleiB iiould 
not affect their perfoimanoe and vould reduce their velght hy 
the ratio of the density of aluminum to the density of copper. 
Figure 5 Is an Illustrative perfonnanoe chart for a specific 
charge- through-tuhe Intercooler calculated from reference 5. 
Figure 6 Is a similar ohEirt for tvo specific charge-across-tube 
Intercoolers calculated frcm refe:-3nce 2. Figures 5 and 4 vere 
plotted from experimental data f um1 stied by the manufacturers 
(reference 4) , and no attempt has been made at this laboratory 
to cheofc the accuracy of these data. 

The lines vlth eurrows in figure 3(a) shov the method by 
vhloh the chart may be used. For a given value each of 

a Ap and t), a value of a Ap may be read, at the 

^v * av * 

bottom of the (^barb. For this value o£ a- Ap. a carrespond- 

^av " 

Ing value of Ma/v may be reeid r.t the right, using the long-dash 

curve. The relation of a, Ap, to IlJv la given by the 

av 

short-dash ourve, the value of M^/v being read at the top. 

Ferfamance of any altitude is obtained by assigning the proper 

values to ch and Oa . An example of the use of figure 
av av 



3(a) follovs; 

Assumptions: 

1. Altitude, ft 13,200 

2. Brake horsepower 1,000 

5. Veiglht flow or charge, lb per sec 1.74 

4. Coollng-alr pressure di>op Ap^^, In. 

of -water • 9 

5. Charge inlet temperature, °F... 200 

6. Charge inlet pressure, in. Hg 40 

7. Cooling-air inlet temperature (standard 

altitude), °F , . . . , 12 

8. BecLulred (sharge ou-blet temperature, °!F 78 
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Let It be required to find tlie Talues of ooollzig effeotlve- 
zifiBB T), charge presBure drop Apa^ Interoooler irldth 
ooolliig-alr velgbt flov Mj^, eoid Interoooler vel^t V. 

9, Frcm Items 5, 7, and 8, tj b " b 0,65 

10. From a table of Btandard altitude and Item 4, 
a. B 0.667 for 13,200 feet; therefore 
en 

o ApL B 6 Inohes of water 
*en * 

In Item 10. ^ used as a first approzliDatlan. The 

value of Oi can be found after ML /Ms Toblb been dsteznlned. 
av ^ " 

U. From figure S(a) and Item 10, Mi/v a 0.155 pound per 
second per Inoh (first approxlinatlan) 

12. From figure 3(a) axid Items 9 and 10, Ma/v = 0.07 pound 

per second per Inch (first approximation) 

13. From Items 11 and 12, Ht/^a ° " (first 

apprazlmatlon) "'"^ 

14. Frcni figure 1(a) and Items 5, 7, 9, 10, and 13, 

a. B 0.667 X 0.95 B 0.632 
av 

15. FrcDL Items 4 and 14, Ap^ b 9 x 0.632 = 5.70 

Inches of water 

16. Traa. figure 3(a) and Item 15, M^/v b 0.150 pound 

per second per Inch 

17. Frcm figure 3(a) and Items 9 and 15, Ifa/v s 0.068 

pound per second per Inch; therefore, f lxm, Item 

16, M,./Ma B q'qqq b 2.21, idilcih cheoks Item 

13, thus Indicating that the first apprczlmatlaa 
from M./k. Is correct. Because a /a. 

changes only slightly -with change la Mj^/Ms, a 

second approximation for a, _/o^ Is not required 

av en 

even If some difference between the values of M,^/Mg 
In Items 13 and 17 occurs 
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18. 



Jrcm .figure 5(a) and Items 9 and 15, Og Apg e 1.63 
.Inches of vater 



19. 



FroBO Itenna 5 and 6, aa ^ *9 x S-J = 1.05; therefore 
■ ^en 30 660 

from figure l(l3) anc'. Itoms 5, 7, and 9 0- = 1,05 X 
1.11 = 1.17 av 



20, 



From Items 18 and 19, APg = 1.83/1.17 = 1.57 IncheB of 
-water 



21. 



Frooi Itetfo 3 and 17, v = 1.74/0.066 s 25,5 Inches 



22. 



From Items 18 and 21, = 0.150 X 25.5 ° 3,64 



- pounds per second 



23. 



Frcm figure 3(a) and Item 21, W » 4 X 25.5 <= 102 
pounds 



Comparison of Intercoolers 



For the purpose of cociparing a nuuiber of Intercoolers on the 
hasls of their important characteristics, a method of plotting may 
he used as eugcssted in figure 7 -.f-ore the cooling effectiveness Is 
varied hy varying v/Mg. E&dh cuLre In this figure represents a 
specific Intercooler. The data for figure 7 axe calculated ftCDi 
the individual perfoimance charts for Intercoolers 1 to 8 (figs. 
5 and 4) and by means of eg.iTatlons (7), (8), (9), (10), and (12). 
Intercoolers 25, 26, and 27, for vhlch the perfanDsnce oharbs are 
given (figs. 3(e). 3(h), and 3(1)), are not Included In the coouparl- 
Bon chart (fig. 7). All Intercoolers are Identified by numbers, 
and this ideoitlty is maintained In all figures and throughout the 
report. 

In figure 7 a ocmparleon Is made of six Harrison and tvo 

Alresearch intercoolers of various dimensions and, -where possible, 

at three -values of Ap,. The ccanplete Intercooler -weight 

av 

values are given for these Intercoolers, and the dimensions are 
those of -bhe core. 

It may be seen in figure 7 that o; Ap, has little effect 

av ^ 

on tho campEtrlson of these Intercoolers; so the ccmperlscn can bo 

made at an; value of o Ap . Examination further reveals that 

■ -^av * 

for a given cooling effectiveness the Alresearch aluminum Inter- 
coolers are lighter but larger In volume and frontal etrea than the 
Harrison copper intercoolers. 
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An fncwnlmtlona. of tlie ourres for t]ia BhrrlBon inborooelers Iq 
flgizro 7 aihovs that, for the same ooollz^e affect iTenass euad. ooollz]0« 
air pressure drop, Iwigthflnlng tb» Interoooler In the Olreoblon of 
oharge flow (la) resiilts In a dBorease In ooolliie-alT flow, yoluns, 
VBlght, and. frontal area at the expense of a fflarksd Increase In 
aibarge pressure drop. Increasing the ooollng-alr flew length (lx)» 
for a glTsn ooollng affeotlyeness anS. oodlng'^lr pressurs drpp, 
deareaaes the ooollng-alr flow and. charge pressure drop at the 
escpense of Increased weight and volume. 

The selection of an Interoooler depends on the relative 
iBiporteuioe of Its various oharaoterlstlos vlth regard to a paxv 
tlcular Installation. ?or example, figure 7 shows Interoooler 6 
to he daairahle if low weight and volume are essential. This 
advantage is attained, however, at a seuirlflce of Increased, pres- 
sure drop In the charge air. If a low value of Apg Is 

av 

deslre&, weight and volume helng of secondary Importance, Inter- 
oooler 1 Is the logical choice. The choioe hetween the Harrison 
Interoooler and the Alresearch Intercooler depends largely on the 
relative Importance of weight, volume, and. frontal area according 
to figure 7. . 

• Figure 8 iB a plot slmHax to figure 7 in vhioh two of the 
Harrison Intercoolers of figure 7 are compared with tubular 
Intercoolero of the charge-across-tube type. The tubular Inter- 
ooolere were doaignod from chartp published In reference 2 with 
Internal and external dlmsnslons selected to match approximately 
the relations existing between Oa^_^ Apg and i) for the two 

HazTlscm intercoolers. Thus, for given VEilues of t], ^^a^^ ^Vat 

a Ap. , and Mai the intercoolers are ocoipared on the basis 
+av * 

of the remaining oharaotoristlcs. The tubular Intercoolers of 
50 banlES represent the "block" tygo -idille those 'of five banks 
represent the annular-shape Interoooler as described in refeiw 
enoe 2, All internal, and external dimensions of the tubular 
Intercoders are given In the table at the right of the figure 
or may be oomputed from it. The weight values given for these 
intercoolers ajre core weights only, and this point should be oon- 
sideired vbaa Trotiring ocnperisan with the conmerclal t^pes lAere 
ccnplete weights are given. The tube arrangemont is such that 
tho tube centers lie on the apexes of egullatezal triangles. 
From the standpoint of volumo, tho oqullateral tube arrangemenb 
does not give the optlm.um intercooler. A roduction of the 
Intercooler dimension in the direction of charge flow and thus 
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a reductjNn In Yolunb ean "be sado "bj deoreaslog -within llBlts the 
tube spacjijGig In this dlrectlozi vithout material dhange In the 
other GihaitecterlBtlCB of the Intercooler. 

A study of Intercoolers 16 to 24 reveals certain effects of 
tube lengUk and spaolsg. The effect of Increasing Zi for a 

given valu9 each of a Ap. , a_ Ap , and r\ increases vol^t 

*av ^ ^av ^ 
and volunn hut decreases fronteil area, vidth, and coollng-alr flov. 

Under given oanditiaas of Ap, and n a decrease in tube 

av 

spacing decreases all other variables except cr^ Apa, vfaich is 

av 

considerably Increased. (See curves 16 and 19 of fig. 6.) amftll 
spacing is therefore desirable if a a Apa is not an Important 
factor, 

In figure 9 a ccanparison Is aade of the Harrison Intercoolers 

1 and 3 of figures? and 6, an Alresearch Intercooler 7 of figure 

1 , and a number of charge-throu^^tub^ Iptercoolers designed frcsn 

charts published In refesM&es 3. As lA figure 6, the chart designs 

-were chosen to match appreoclaately the relations of a, Ap^ 

av 

against r\ for the ccnmerclal Intercoolers. Intercoolers 9 to 15 
have their tube centers on the apexes of equilateral triangles. 
As previously pointed out, this arrangement is not optlmuni from 
the standpoint of volume. Intercoolers 28, 29, and 30 are identi- 
cal vlth 9, 10, and 13, respect Irely, In all dimensions except 
that the tube spacing in the direction of cooling air flow s , 
and hence Z^, has been decreased. It is seen that this chafige 
causes a marked decrease In volume vithout change in the other 
Intercooler characteristics. The effect of changes of Sp is 
discussed In greater detail In reference 3. 

r 

Comparison of curves 9, 10, and 11 shows the effect of vary- 
ing Za/d vhen other dimensions were altered to provide the same 

curve of o^ Ap^ against y\ for the three Intercoolers. I-Then 
, av 

Za/d Is Increased under these conditions, there Is an increase 
In weight and a decrease in cooling-air flow, volume, and width. 
To maintain the condition of constant c^a^^ ^Pa ^ Ib In- 

creased, the tube spacing s is depreased and Z therefore is 
reduced. ^ 
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CQHULDDIllCr EEMABEOS 

Tiba oroBB-fiov Intercooler 1b not tlie inoBt efflolenb, al- 
tlioueh It iB probably the moBt piractlcal tyjfe. 

The Beleotlozi of aa Interoooler to satisfy a partloular 
group of conditions Is greatly slnpllflecL by the proper oorrela- 
tlon of the test data fumlshed by the manufaoturer, and. It la 
believed that the methods suggested In this report ahould prove 
of material aaBlstaace In TnnTrtng auoh aelectlon. 

Tbe final choice of any Interoooler must of necessity ha a 
ccn^ramlae among conflicting factors, and the nature of the 
ocntpromlae vlll depend largely upon the relative Importance 
aaalgned to these factors. 



Langley Msonorlal Aeronautloal Laboratory, 

Ibtlonal Advlsoiy CGcmlttee for Aeronautics, 
Langley Field, Va. 



APPJSNJDIZ 



Figaro 10 represazrts a section of aa Intercooler of unit 
vldth perpendicular to the dlmenalcQ v through vhldh heat Is 
helng transferred fram charge to cooling air, the direction of 
the air streams being at right angles to each other (cross fla:r}. 
Xhe heat flowing through an elemental area dx dy of this section 
at' distances j and z frca the ch'orge and coollng-alr entrances, 
respectively. Is 

M = ha dz dy(as, -T^) - h^ dz dy(VTi ) - ^ 51i c_ dT^ 

SllmiTiatlng and sepeUTating variables, 

dTj^ w la hg hi dz w Ig h 

vhere h Is the over-eLLl heat- transfer coefficient per unit 

Intercooler vldth based on tLe area Zg. Integrating betireen 

limits Ti to 0 and li to 0 along the elemental strip In 
ez 

the direction of the coollng-alr flov and regarding Ta_ as con- 
stant along the strip 



y 




_ vl^\ 

T, = Ta \ 1 - e * > (15) 

^ez ^y \ / 



Frcci figure 10 it nay be seen that 



Ma dy 



and by substituting In equation (15) 



/ vl,l,h \ 



M. Cp 



1 - e ^ j dy 

Tay la-Ma ^ 

Integrating between the limits Tg to ^a^ and 0 to Zg gives 
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Ma I ^ ' i ^ei 



or 



Tl-l.re^y ■ ./ (16) 

l(y a BlTnUar prooedure fba cooling effecrblTeneaB for oounberflow 
Is 

e a 1 p 



1 - 



.0 ^— ^^-^ (17) 



1-^ 



Ma Ml Op 

e 



Ml - vZiZah 
^°P 



euid for pazallel flow. 



_v2^- M^ yn^l^ 

Ml Op "Ma Ml o^ 
1 - e *^ e 

vijrri — 

EcLuatloDB (16), (17), and (18) ahov that the cooling effectlve- 
ziesB for the three types of flov depends on Mi/v, Mi/}^, h, Z i, i^rtA 
Zg. These equations are based on the assumptloa that Ta Is con- 
stant along a line at right angles to the direction of the charge 
flow. This assumption Is not strictly valid for cross flow (Equa- 
tion (16)); It Is shown, hovTBver, In references 2 emd 3 to Intro- 
duce Hmn.ii error In the .range of practical Intercooler operation. 
The assumption Is valid for oounterflow and parftllel flow; so equa- 
tions (17) and (18) are rigorous. 
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Figare 2.- 
Coinparison of 
cooling 
effectiveness 
of various 
types of flow. 
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e a 10 12 14 O 2 4 6 6 10 12 14 
<^„ 4n ■ °f wafer 

(a) Interoooler 1. (b) Intercooler 2. 

\l = 10 in., l2 = 10 in., W/w = 4 lb/in. lj_ = 10 in., Ig = 14 in., W/w = 5.2 lb/in. 



M,/w,lb/sec//n. 
0 .1 .2 .3 .4 



M, Ivo, Ib/sec/in. 
P ./ .2 .3 .4 




8 ID 12 14 a 2 4 
cr^^ . in. of wafer 



8 10 12 14 



.2 



(o) Intercooler 3. (d) Intercooler 4. 

ll = 10 in., l2 = 18 in., W/w = 6.3 lb/in. li = 6 in., I2 = 10 in., W/w'= 2.4 lb/in. 



Figure 3a to i.- Performanoe charts for Harrison interooolers (copper). 



Fig. 3e,f,g,h 




o^.. , in. of waier 

(e) Intercooler 5. (f) Intercooler 6. 

ll = 6 in., l2 = 14 in., W/w = 3.1 lb/in. = 6 in., = 18 in., W/w = 3.8 lb/in. 




(g) Intercooler 25. (h) Intercooler 26. 

ll = 8 in., \z - 10 in., W/w = 3.2 lb/in. Xi = 8 in., \z = 14 in., W/w = 4.1 lb/in. 

Figure 3.- Continued. 



NACA FigB. 3i,4a,b,5 



MJvo, /b/sec/in. MJw, /b/sec/in. 

0 .1 .B .3 .4 0 .1 .2 .3 .4 




<^„ ti.p^,in. ofivoter 



(i) Intercooler 27. 

ll = 8 in., 1,2 = 18 in., W/w = 5.1 lb/in. X-^ = 10.6 in., Ig = 25 in., W/w = 2.5 lb/in. 

Figure 3.- Concluded. Figure 5.- Performance chart for charge - 

through-tube typf intercooler 10. 




Aft ,//7. of vfoter 

(a) Intercooler 7. (b) Intercooler 8. 

= 11.75 in., l2 = 14.25 in., = 10.25 in., lo = 20.75 in., 

W/w = 1.94 lb/in. W/w = 2.38 lb/in. 

Figure 4. - Performance charts for Airesearch interooolers (aluminum} . 
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Af /to, lb/sec/ in. M. Iw, Ib/sec/i'n. 

0 .1 .2 .3 .4 0 .1 .2 .3 A 




a^Apt./n.of wafer 

(a) Intercooler 18. (b) Interoooler 24. 

ll = 20 in., l2 = 10 in., W/w = 2.1 lb/in. U = 20 in., l2 = 1.2 in., W/w = 0.52 lb/in. 

Figure 6.- Performance chart for charge-aoross-tube type intercooler. 
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NACA 



Fig. 8 
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Harrison 
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Croaa-flow tubular inter- 
cooler; oharge-aorosB- 
tube type. 

d = 0.25 in. 
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Figure 8. 



Comparison of 
oharacteristica 

of commercial interooolera 
and intercoolers designed 
from charts of reference 2; 
(jj^^^Ap]^ ,4 inches of water. 
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Figure 9.- 


Comparison of 


charao- 



teriatics of commercial 
intercoolera and intercoolers de- 
signed from charts of reference 3; 



4 inches of water. 
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Temperature difference IsetTreen vail at z aiid cooling air at 
entrance, 9F. 

Ti Tezaperature rise of cooling air in flowing x distance along 

elerental strip, 9?. 

T2-T2 Teoaperature drop of cl-.arge in floving y distance over plate, 
y op^ 

T, Total temperature rise of cooling air, °F. 
Tg-Tg Total temperature drop of charge, °F, 



Figure 10.- Diagram of heat exchange through a section 
of a cross-flow intercooler. 
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